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Abstract 

The Hall resistivity and magnetization have been investigated in the ferromagnetic 
state of the bilayered manganite La2-2xSri + 2xMn207 (x=0.36). The Hall resistiv- 
ity shows an increase in both the ordinary and anomalous Hall coefficients at low 
temperatures below 50K, a region in which experimental evidence for the spin glass 
state has been found in a low magnetic field of lmT. The origin of the anomalous 
behavior of the Hall resistivity relevant to magnetic states may lie in the intrinsic 
microscopic inhomogeneity in a quasi-two-dimensional electron system. 
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The bilayered manganite, La2_2rESr 1+2:E Mn207 (illustrated in the inset of Fig. 1), 
is the n=2 member of the Ruddlesden-Popper series of manganites (Lai_ x Sr x ) n+1 Mn n 3n+ i. 
Investigators have intensively focused on this type of manganite, possess- 
ing two-dimensional networks of MnOg octahedra, to understand the various 
magnetic- and/or orbital-ordered phases in its rich phase diagram [1,2], or to 
clarify the collossal magnetoresistance (CMR) effect arising from strong cou- 
pling between magnetism and charge transport [3,4,5,6,7]. The reduction of 
dimensionality in manganites gives rise to anisotropic transport properties not 
found in the ordinary three-dimensional perovskite manganites. For example, 
in bilayered manganites, the resistivity perpendicular to the MnC>2 plane {p c xx ) 
is two orders of magnitude larger than that parallel to the plane (p% x )- In addi- 
tion, bilayered manganite exhibit extraordinary charge transport properties at 
low temperatures [3,4,5,6,7]: (1) a tunnel magnetoresistance (TMR) far below 
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the ferromagnetic transition temperature To, (2) a slight upturn in the tem- 
perature dependence of the longitudinal resistivity (p xx and p c xx ) below ~50K, 
and (3) an anomalously high resistivity of the order of 10~ 2 f2 cm in the metal- 
lic phase of p xx , which is surprisingly high compared with that in the typical 
ferromagnetic metallic phase of three-dimensional perovskite manganites. 

To reveal the origin of these anomalous transport properties, researchers must 
perform further detailed experiments, including Hall measurements, which 
give information about the sign and density of mobile carriers and/or the 
correlation of spin and charge systems. Chun et al. have reported on low 
field magnetization and the Hall effect in La 2 _2r E Sri +2 . E Mn207 (x=0.40) [8], 
where they show the occurrence of spin-glass like behavior in the magneti- 
zation measurements and an enhancement of the anomalous Hall coefficient 
at low temperatures. The origin of these phenomena has been interpreted 
as a mixture of ferromagnetic and antiferromagnetic clusters. According to 
the magnetic phase diagram for La 2 _2xSri + 2a;Mn207 reported by Kubota et 
al.[l], the bilayered manganite with a hole doping level of £=0.40 does indeed 
comprise a mixed state of ferromagnetic and antiferromagnetic phases, rep- 
resenting a canted antiferromagnetic state, a finding which also supports the 
above interpretation. To remove the effect of the phase mixture, in this paper 
we have systematically investigated transport and magnetic properties in the 
pure ferromagnetic metallic state without any secondary phase. We report on 
both the Hall effect and the magnetization found in the ferromagnetic metal- 
lic phase of La 2 _2xSri + 2xMn20 7 with a nominal hole doping level of £=0.36, 
which gives a maximum T c [1,2,9]. We have found that the reduced dimension- 
ality and the competing interactions between ferromagnetic double-exchange 
and antiferromagnetic superexchange lead to a spin-glass-like magnetic state 
and anomalous behavior in the Hall resistivity. 

A stoichiometric mixture of La203, SrC03, and Mn 3 04 powder was ground 
and calcined three times at 1400°C for 24h. A single crystalline ingot of 
La2_2a;Sri + 2xMn207 (x=0.36) was grown by the floating-zone method at a 
feeding speed of 9-12 mm/h in air. The grown crystal was characterized at 
room temperature by powder x-ray diffraction measurements, which ensured 
that the material consisted of a single phase with a symmetry of M/mmm 
(a=0.38685(2)nm, c=2.02278(9)nm), without an impurity phase. For trans- 
port measurements, we cut the crystal produced into a thin rectangular shape 
with typical dimensions of 2.5mm in length, 1mm in width, and 0.3mm in 
thickness (the c-axis direction). The surface perpendicular to the c axis (par- 
allel to the Mn0 2 bilayers) was prepared by cleaving the crystal boule. The 
electrodes on the sample needed for transport measurements were made with 
heat-treatment-type silver paint, and copper leads were soldered onto them. 
The longitudinal resistivity p a xx was measured by the conventional four-probe 
technique with current parallel to the Mn02 bilayers (perpendicular to the c 
axis; see also the inset of Fig.3). For the determination of the Hall resistivity 
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p xy , we averaged the Hall voltage by reversing the magnetic field direction 
at a fixed temperature to remove the offset voltage caused by the asymmet- 
ric Hall (transverse) terminals. Measurements of AC susceptibility x an d DC 
magnetization M were performed with Quantum Design MPMS and PPMS 
instruments equipped with a IT or 9T superconducting solenoid. We also used 
this apparatus to measure the time dependence of the thermoremanent mag- 
netization. All data for the x an d M were taken during a warming process 
in magnetic fields after the sample had been cooled in a zero magnetic field 
(ZFC) or in magnetic fields (FC). 

Figure 1(a) shows the temperature dependence of the in-plane longitudinal 
resistivity p a xx in a La2-2a;Sri + 2xMn207 (x=0.36) crystal, in which the current 
flows parallel to the conducting Mn0 2 bilayer (J_Lc axis). The metal-insulator 
transition occurs at a temperature of T M i=125K, at which temperature a 
sharp decrease in resistivity of about two orders of magnitude is detected. Be- 
low Tmi, the resistivity slowly decreases down to 50K and then rises slightly. 
This overall shape of the p a xx -T curve is consistent with metallic behavior 
caused by the double-exchange interaction below T M i in the bilayered man- 
ganites with an appropriate hole-doping level [3,4,5,6,7]. The observed slight 
upturn in the p a xx -T curve below 50K has also been reported in the literature 
[3,4,5,6,7]. We show in Fig.l(b) the corresponding DC magnetization for the 
same sample in a magnetic field of 0.5T parallel to the c axis. The magnetiza- 
tion steeply increases at the ferromagnetic transition temperature Tc=125K, 
where the above-mentioned insulator to metal transition occurs concomitantly. 
This phase transition is well known to be the transition from a paramagnetic 
insulating to a ferromagnetic metallic state induced by the double-exchange 
interaction. The saturated magnetization of 3.6 /z#/Mn site at low tempera- 
tures reaches almost a full magnetic moment, i.e., 3.64 /is/Mn site, a result 
which confirms that the sample does not contain antiferromagnetic clusters in 
a magnetic field of 0.5T. 

In order to look into the spin-glass-like behavior, we have measured the DC 
magnetization and AC susceptibility in a small magnetic field (~lmT). Figure 
2(a) shows the temperature dependence of the DC magnetization measured in 
a field of lmT after zero-field-cooling (ZFC, open circles) or field-cooling (FC, 
solid circles). The following characteristic behavior was observed below ~50K. 
The ZFC magnetization clearly decreased with decreasing temperature; how- 
ever, this result contrasted with the case of the FC process. The observed 
decrease of magnetization below ~50K in the ZFC process disappeared in a 
field of 50mT, which indicates that this ZFC-FC hysteresis below ~50K easily 
collapses in a relatively small magnetic field. In order to better understand 
the mechanism of the pronounced difference between the ZFC and FC curves, 
we have measured the temperature dependence of the AC susceptibility at 
several fixed frequencies after the ZFC process. The real part of the AC sus- 
ceptibility is shown in Fig.2(b). It exhibits a frequency dependence at low 
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temperatures, and the inflection point shifts to higher temperatures as the 
frequency increases (see the inset in Fig. 2(b)). 

We have also measured the time dependence of the thermoremanent magne- 
tization decay at 5K in a zero field after the sample had been cooled in a 
field of lOmT (FC). The result is shown in the inset of Fig. 2 (a); its systematic 
decay conforms well to a logarithmic form. The solid line in the inset rep- 
resents: M(t)—M — S\og 10 t, where t is in minutes and the fitting parameters 
are M =1.69(2) emu/mol and 5=0.168(5) emu/mol. These results strongly 
suggest that the reentrant spin-glass-like phase exists in a nearly zero field 
at low temperatures below 30K. Considering the fact that the spin-glass-like 
transition temperature is lower than the temperature where the slight upturn 
in p a xx is observed, the origin of the spin-glass-like phase seems to be due to 
the reduction of carrier mobility caused by a weak localization effect in a low 
dimensional system like the present case; this effect leads to the suppression 
of the ferromagnetic double-exchange interaction and to the emergence of the 
competing antiferromagnetic superexchange one. The spin-glass-like state, as 
reported in Ref. [8], might be expected to be suppressed or to disappear in 
the £=0.36 sample in magnetic fields, because the spin-glass phase arises from 
microscopic antiferromagnetic clusters. However, the magnetization or suscep- 
tibility results which we obtained and show in Fig. 2 indicate that the spin- 
glass-like behavior in low magnetic fields persists even in the ferromagnetic 
metallic phase of the present x=0.36 compound. 

To obtain further insight into the relation between the magnetization and the 
transport properties, we have carried out Hall resistivity measurements. This 
technique offers considerable promise for the understanding of the metallic 
phase of magnetic materials. In order to discuss the Hall resistivity p xy quan- 
titatively, the Hall resistivity obtained in the ferromagnetic phase was fitted 
to the following equation [10], 



where i?n, Rs, H, M, and N are, respectively, the ordinary Hall coefficient, 
anomalous Hall coefficient, external magnetic field, magnetization, and de- 
magnetization factor determined from the sample shape (~0.8 in the present 
sample). Figure 3 (a) shows the Hall resistivity p xy in the £=0.36 crystal 
measured in magnetic fields increasing from 0T to 8T. The p xy from 50K to 
110K shows a behavior similar to that reported for the ferromagnetic metal- 
lic phase of three-dimensional perovskite manganites such as Lai^Sr^MnOs 
[11,12,13,14,15]. The observed negative sign of p xy in low magnetic fields indi- 
cates a negative anomalous Hall effect (i?g<0), which is followed by an increase 
in p xy reflecting a positive ordinary Hall effect (-Rh>0). Below 50K, the p xy -H 
curves appear to exhibit a nontrivial behavior; an typical example occurs at 
6K, where both the ordinary and the anomalous Hall effects were observed to 
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be enhanced, even though the M-H curves showed normal systematic change 
(see Fig.3 (b)). 

The temperature dependence of the fitting parameters of Ru and R$ calcu- 
lated from Eq.(l), is shown in Fig. 4. The effective carrier density n shown 
in the right ordinate in Fig.4 (a) is estimated from a free electron model 
(n=l/eR}i). From the fact that the sign of i?H is positive, the mobile carri- 
ers in the present x=0.36 compound are concluded to be holes. This result 
coincides with the positive sign of the carriers observed in the ferromagnetic 
metallic phase of three-dimensional perovskite manganites [11,12,13,14,15]. 
Concerning the temperature dependence of the effective carrier density n, it 
is reported that n (Ru) shows an almost constant value of ~1 hole/Mn site 
in the ferromagnetic metallic phase of three-dimensional perovskite mangan- 
ites [11,12,13,14,15], and that this value is nearly independent of temperature. 
On the other hand, in the case of the present bilayered manganite, n de- 
creases (i?H increases) with decreasing temperature from 0.9 to 0.35 holes/Mn 
site: the lowest value of 0.35 is close to the nominal hole doping level of this 
sample (x=0.36), while the highest one is nearly the same as that in the fer- 
romagnetic phase of three-dimensional manganites [11,12,13,14,15]. Figure 4 
(b) shows the temperature dependence of R$ as deduced from Eq.(l). As the 
temperature decreases below Tc, the absolute value of Rs falls slightly down 
to 50K (0.4Tc), and then rapidly rises as the temperature sinks to a minimum 
(6K). From Tc to 50K, the temperature dependence of Rs shows a similar be- 
havior to that found in the ferromagnetic metallic phase of three-dimensional 
perovskite manganites; we provide these results in the inset of Fig.4 (b) [15]. A 
significant increase of Rs below 50K is characteristic of bilayered manganites. 
The temperature of 50K, where Rs takes a local minimum, agrees well with 
that observed for the local minimum of the ordinary longitudinal resistivity 
p xx (see Fig.l (a)). However, the extraordinary enhancement of Rs below 50K 
cannot be explained in terms of a conventional model based on impurity scat- 
tering, in which Rs can be expressed as a function of ordinary longitudinal 
resistivity p xx as in the following equation: 

Rs = {apxx + bp 2 xx ) (2) 

where a and b are temperature- and magnetic-field-independent constants. 
The first term in Eq.(2) describes the skew scattering [16] and the second 
term from the side-jump [17]. 

To discuss the nontrivial enhancement of the anomalous Hall coefficient Rs at 
low temperatures, we return to Fig.3. The anomalous Hall term R s is charac- 
terized by a decrease of p xy with a negative slope observed in magnetic fields 
up to IT. This result suggests that the enhancement of Rs at low tempera- 
tures is related to the magnetization up to IT. Therefore, the enhancement 
of i?s cannot be directly attributed to the spin-glass-like phase evidenced in 
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Fig. 2, because this phase is observed only in magnetic fields less than 50mT, 
fields that are too small to cause the anomalous reduction in p xy in fields up 
to IT. The origin of the glassy behavior and the enhancement of R$ at low 
temperatures is not yet clear. A possible interpretation of these phenomena 
might be an intrinsic phase inhomogeneity of the electron system due to the 
reduction of bandwidth; this reduction, in turn, might be caused by the dimin- 
ished dimensionality and quenched disorder or by a local structural distortion 
originating in the variance of the ionic radii of La and Sr ions in manganites 
[18]. The slight upturn in p a xx is interpreted as a weak localization effect in 
the low-dimensional electron system. This localization effect may persist up 
to a magnetic field as high as 7T [6], and is one of the possible origin of the 
observed enhancement of Rs at low temperatures. 

In summary, a spin-glass like behavior in low magnetic fields and an extraordi- 
nary increase of the anomalous Hall effect are observed below 50K in the bilay- 
ered manganites La 2 _2 :E Sr 1+2;£ .Mn 2 07 with a nominal doping level of £=0.36. 
This spin-glass like behavior persists even at the doping level £=0.36 with a 
maximum Tq, indicating that the glass-like behavior is a common feature of 
the ferromagnetic metallic phase of bilayered manganites. The origin of the 
extraordinary increase in the anomalous Hall effect may lie in a reduction of 
carrier mobility due to the reduction of dimensionality which, in turn, leads to 
an intrinsic microscopic phase-inhomogeneity of the electron system. Further 
detailed investigations, including for example, Hall measurements taken in 
the ferromagnetic metallic phase with a finely-controlled bandwidth, are nec- 
essary to understand the origin of the anomalous magneto-transport behavior 
in bilayered manganites. 
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Fig. 1. Temperature dependence of (a) the in-plane (J-Lc) longitudinal resistiv- 
ity p® x , and (b) the magnetization M in a magnetic field of 0.5T (-ff||c) for a 
La2-2xSri + 2 X Mn207 x=0.36 single crystal. The inset in (b) shows the schematic 
crystal structure of L^-^xSri^Mi^CV The dotted line indicates the ferromag- 
netic (or, equivalently, metal-insulator) transition temperature To 
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Fig. 2. (a) Temperature dependence of the field-cooled (FC, closed circles) and 
the zero-field-cooled (ZFC, open circles) DC magnetization for La2-2xSri+2xMn207 
a?=0.36 single crystal in a field of lmT. The inset of (a) shows the logarithmic time 
dependence of the thermoremanent magnetization at 5K after removing ^o-f^=10mT 
(FC). (b) Frequency-dependent AC susceptibility of the same crystal as a function 
of temperature. The inset in (b) shows a magnified view below 50K. The magnetic 
field was applied parallel to the c axis in both cases. 
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Fig. 3. Magnetic field dependence of (a) Hall resistivity p xy and (b) magnetization at 
several fixed temperatures below Tq . The lines are guide to the eyes. The schematic 
of the Hall-measurement setup is shown in the inset in (b). M-H curves were also 
taken with the magnetic field parallel to the c axis. 
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Fig. 4. (a) Temperature dependence of the ordinary Hall coefficient Rr for the 
x=0.36 crystal. The effective carrier density estimated using a n=l/eRn relation 
is also shown on the right ordinate, (b) Temperature dependence of the anomalous 
Hall coefficient Rs for the same crystal. For comparison, R$ for the ferromagnetic 
metallic phase of the three-dimensional manganite, Ndi-^Sr-jMnC^ x=0.40 [15], is 
shown in the inset in (b). The lines are guide to the eyes. 
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